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DEVBLOPMKNT OP SPlUYED CEIUMIC SEAL SYSTEM 
FOR TURBINE GAS PATH SEALING 
by R. C, Bill, L, T. Sliionibob, and O. L. Stewart 
Lewis Research Center 
ABSTRACT 

Analytical mid experimental researcli was conducted to evaluate a ceramic seal 
system for a hlgii pressure turbine employing plasma- sprayed gi’adod metal/cerainlc 
yctrla stabilised slrconlum oxide (YSZ), Tlie performance cliaracteristlcs of several 
YSZ configurations were determined tlu’ougii rig testing for thermal shock resistance, 
abradability, and erosion resistance. Results from this work indicate that this type 
of sealing system offers the potential to moot the operating requirements of future gas 
turbine engines. However, further development and refinement of this technology, 
particulaxTy In tlio area of improving cyclic thermal stress tolerance, is necessary, 

INTRODUCTION 

The efficiency of a gas turbine engine is sensitive to tlie operating clearance be- 
tween tlie tips of tlie turbine blades and the stationary gas path seal components over 
the blade tips. Studies iiave indicate that in hlgii x’eaction turbine designs, approxi- 
mately 3 percent turbine efficiency loss is suffered for each 1 percent increase in blade 
tip clearance to blade span ratio (ref, 1). In a typical large commercial airex'aft en- 
gine, this means that for eacii 0,010 in, increase in clearance over the high px'ossure 
turbine (HPT) blade tips, a 0. 5 to 1, 0 percent penalty in tlmist specific fuel consump- 
tion (TSFC) results. Translated into fuel consumption, approximately 10" bbl/yr ad- 
ditional fuel is consumed for each 0,010 in. increase in HPT tip clearance for the 
wide bodies jet fleet in this coiuitry alone. 

Current state-of-the-art in turbine tip sealing technology is based on metallic 
material systems. Cast superalloy seal shroud segments, sintered or hot pressed 
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powder motal seal Uxt'ouJs, and thermal sprayed metallic systems are employed In 
various turbine seal applications. To cope with tlie hl^i turbine gas temperatures, 
these metallic systems require substantial twnounts o£ eooling air with an associated 
engine efl’lcloncy penalty, Furthermore, these materials are prone to gradual 
clearance degradation through erosive mid corrosive mechanisms. 

An attractive altoniatc turbine sealhig approach, especially considering tlie 
overall trend of Increased turbine inlet temperatures In gas turbine technology, Is 
to employ ceramic materials. As a class, ceramics I’otain their mechanical prop- 
erties to significantly higiier temperatures than metals, mid, especially in the case 
of oxide ceramics, are chemically stable witli respect to the turbine operating en- 
vironment. These considerations lead to Improved turbine seal performance from 
the standpoints of both reduced cooling air requii'ements and the potential to maintain 
small turbine tip clearances. 

In order for ceramics to siu'vive turbine operating conditions, however, they 
must be able to withstand the thermal shock conditions imposed on them as the en- 
gine goes through its cycle of operation. Brittle as they are when compared to 
metals, care must be taken in the design of ceramic components to ensure that they 
are not subject to excessive tensile stresses. In addition to witlistanding cyclic 
thermal stresses, the turbine seal must also provide a degree of rub tolerance or 
abradability, and it must resist erosion if minimum turbine tip clearances are to be 
maintained. 

In this paper, a ceramic HPT sealing approach employing plasma- sprayed yttria 
stabilized zirconium oxide (YSZ) is evaluated. Selection of plasma- sprayed YSZ was 
based on three factors; (1) chemical and structural stability of the material at tem- 
peratures well above those permissible for metallic systems; (2) potential cost 
effectiveness of the plasma- spray process; and (3) successful experience with simi- 
lar materials in combustor liner applications. 

The main objective of the evaluation was to study and develop metliods of con- 
trolling thermal stresses, thereby providing cyclic thermal shock resistance to the 
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plasma- spvayod YSZ seal system. Cyclic thornml sliock tost vosiilts and analytical 
highlights arc presented In this paper. Evaluation of the rub tolcrimce tmd erosion 
resistance for the plasma- sprayed Zr 02 turbine seal was undertaken, and tlie re- 
sults are prosontod and compared with the porformanco of some metallic turbine 
seal systems, 

MATERIALS 

The turbine seal system under development in this program consisted of a 
plasma- sprayed yttrla stabilized zirconium oxide (YSZ) layer adjacent to the gas 
path, Tlio starting ceramic powder was 19 w/o YgOg YSZ, In a mixed, nonpre- 
alloyed condition. Beneath this fully ceramic layer are various numbers and ar- 
rtuigcments of mixed CoCrALY - YSZ plasma- sprayed cermet layers. The plasma 
sprayed layers are applied to a cast MAR M-509 substrate, A cross section of a 
typical configuration is shONvn in figure 1. Spraying was performed using a rotating 
carousel fi.xture shown in figure 2. Specimens were mounted on the carousel, 
surfaces to be coated facing Inward. During deposition, tlie carousel was rotated 
at about 300 rpm. 

The fimcUons of the intermediate cermet layers are to mitigate tliormal stresses 
due to the engine operating cycle by: (1) grading the thermal expansion and elastic 
properties of the seal system in a stepwise manner between those of tlie YSZ and 
tlie MAR M-509 substrate; and (2) providing a somewhat compliant or resilient buf- 
fer between the YSZ and the MAR M-509. Measured physical and mocluinical prop- 
erties for each layer composition (except die NiCrAl bond layer) are summarized in 
table I. Representative micrographs showing porosity distribution and distribution of 
constituents in each of Oiose layers are shown in figure 3. 

Cyclic Thermal Shock Resistance 

The durability of the sprayed ZrOg/CoCrAlY seal system in an engine application 
will depend greatly on its capability to successfully survive the initial and subsequent 
thermal cycles corresponding to die engine operational conditions. This is the mosi; 
difficult parameter to satisfy with a ceramic seal because of the relatively low strength 
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(ospoclnlly tensile strength) oC commie materials and the largo mismatcii In thermal 
growth between ceramic and motalUc materials. Tho graded, layered system was 
designed spociElcally to modify the layer difforonce in tlie thermal expansion between 
tho metal, substrate and ceramic, Thermal and mechanical properties of each of the 
Individual layers In the graded ZrOg/CoCrAlV structure aiid the metal substrate, as 
well as the geometry of tho seal segment and’ residual stress state, affect stresses 
generated during thermal cycling, 

Thermal fatlgne characteristics wore evaluated In a test rig whlcli subjected tiie 
seal specimens to a simulated gas turbine engine cycle froin Idle to sea level takeoff 
(SLTO) and back to idle, according to tho thermal cycle shown in figure 4. 

The thermal fatigue test rig Is shown In figure 6, The specimen was mounted in 
a water cooled copper fixture, A combination of oxygen- propane torches and cooling 
air jets were used to achieve the desired thermal cycles on the Zr 02 and metal sub- 
strate surfaces. The torches were mechmilcally moved toward or away from tho 
specimen at controlled I’ates to provide tho required thermal cycle. Fixed cooling air 
jets were turned on or off or tire flow was changed at predetermined intervals to meet 
the cycle requirements. The ZrOg and metal substrate sm’Oace temperatures were 
monitornd continuously wltli an optical pyrnmetor and thermocouples, respectively, 
and recorded on a strip chart. 

The results of the cyclic thermal shock rig tests are summarized in figure 6, 
whex’e the number of cycles required to initiate visible "mudflat” type cracks are 
shoxvn for three different design variations. Also shown are analytically predicted 
maximum principal stress to strength ratios for each variation. The variations, 
sho\vn schematically in figure 7, represent developmental steps in the design of the 
plasma sprayed turbine seal configuration, The four layer system was die first de- 
sign configuration. Development of property data for the materials comprising the four 
layers permitted analytical evaluation of thermal stresses in the seal system, pointmg 
the way to an improved configuration, the diree layer system, and an experimental 
thermally prostressed system. Variations in configuration and prestress levels were 



thus jumlytically soi'oonoci and soloctcd wltii tho aid of a Specially acinjitod finite oloinont 
stress analysis proBrain described In more detail In reference 2, 

Qualitative aRTooment between tho analytical results and tho e.xporhnontal results 
siiminariJiod In flRurc C is observed to tho extent that Increased predicted sti’ess^to- 
strongth ratios In tlic ceramic layer correlate with reduced number of cycles to the 
first appearance of mudflnt cracks. 

With tlic exception of tho thermal prestrossed specimens, all of tho tliormal shock 
specimens survived a proscribed number of thermal cycles (100 for the four layer 
system, GOO for tho three layer system) witliout loss of material through spallation. 

By the end of the tost exposures however, laminar cracking in addition to mudflat crack- 
ing had occurred, Tiio full extent of "mudflat" and laminar cracking Is siiown In fig- 
ure 8 for tho four layer system after 100 cycles and In figure 0 for the tliree layer sys- 
tem after 500 cycles. Laminar cracks result from both edge initiation, and tho turning 
of propagating mudflat cracks (ref, 2). 

The thermal prestrossed specimen was prepared by spraying Uu' cernun mid 
zirconium oxide layers onto a preheated MAR M-509 substrate, maintained at about 
1200° F during tlie sprajf process. Amilj^sls, using previously obtained material prop- 
erties, predicted tiie development of generally compressive stresses in liic ceramic 
layer. It was expected that tliese compressive stresses would help prevent crack ini- 
HaHon, ITowovcr, maleriat properlics galhered from thermally presf ressed speci- 
mens, combined with actual ihcrmal strain measurements, resulted in prcdicicd 
failures near the ends of the seal specimens during the acr;oloration portion of tho ther- 
mal cycle. In fact tlio mode of failure closely coincided in time and location witli tho 
analytically predicted failure. Adjustments to the iliermal spray parameters combined 
wiih better coni:rolled thermal prestross techniques are necessary for realization of 
the potential benefits of tliermally prestressing the seal system. 

Presently there is no clear way to predict cyclic life to spallation lor tlie plasma- 
sprayed turbine seal systems, Obviously, the appearance of the first cracks in the 
ceramic layer is accomptmied by considerable relief in thermal sti’esses, E.xperimental 
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ovidonco exists (ref, 3), sug-gcstlng that gtowUi of tho inudflat aiid laminar cracks 
attenuates quite rapidly tiftor their initial appearance, Tiio prognosis for long cyclic 
thermal stress lives, with acceptable residual mechanical integrity, is considered 
good. 

It is anticipated that Improved cyclic tliormal stress performance can bo realized 
through bettor controlled thermal prostrossing, and modifications to tlio mlcrostruc- 
ture of tho cornmic layer. Increased porosity, modifications to pore size, shape, and 
distribution, and Incorporation of fino, nonstabilized particles are modifications to 
the ceramic niicrostructure that have a clianco of being realized In tho plasma- sprayed 
process, and have sliown promising thermal shock performance improvements (refs, 4, 
5, and G). 

Abradability 

Abradability tests wore performed on tho tost rig shown in figure 10. Twelve 
simulated turbine blade- tips made of B-1900 alloy (Ni-8 percent Cx’-lO porcent Co-1 
percent Ti-0 pei-cont Al-0. 11 porcont C) were mountod in tho periphery of a disk. An 
air turbine was used to drive tho disk so that the blade tip speed was 310 m/soc (1000 
ft/sec), Tho seal segment specimen was mounted in a fixture at the end of a horizontal 
post attached to a movable carriage assembly. Tho carriage assembly injects tlio 
specimen radially Into the rotor assembly at the required incursion rate, Tho seal 
specimen was heated from both sides of tho rotor by oxj'gen- acetylene torches directed 
at the seal surface. Heating torches were also mounted off the carriage assembly. 
Firing rate and distance between tlie torches and seal specimen was varied to control 
the seal surface temperature, nominally 1309° C (2400° F) for all tests. 

Seal surface temperature and blade tip temperature were monitored by optical 
pyrometers, Carriage travel was monitored by a linear differential transformer. A 
load cell in tho carriage feed system permitted determination of tho average normal 
force between tho seal specimen and blade tips. All data wore recorded continuously 
on a strip chart. 
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Blaclo tip and seal wear was determined tlirough pro and post tost moasuroments, 
Relative abradability between different specimens and different seal systems was 
assessed on the basis of tiio volume wear ratio (VWR) defined as tlio blade tip wear 
volume divided by tiio seal wear volume, Tiie smaller the volume wenv ratio, tiie 
bettor tiio abradability of the seal system. 

The results of tlio abradabilit’’ testing are shown in figure 11, where VWR is 
plotted as a function of incursion I’ate. Minimum VWR was measured under inter- 
mediate incursion rate conditions of 25.4x10"” m/soc (ixlO" In, /sec). A similar 
trend of minimum VWR under intermediate incursion rate conditions was observed 
In experiments performed on low density sintered NiCrAlY (ref, 7), It was proposed 
that for the sintered NiCrAlY, thermal effects promoted bulk softening and smearing 
of the low density seal material and consequent wear to tlie rotor under low Incursion 
rate conditions. Metallographic sections, figure 12, show that even with plasma- 
sprayed zirconium oxide, a brittle ceramic material, rub induced smearing and 
surface densification do occur. Therefore the mechanism that promoted hi^i wear 
to tile rotor when rubbed against sintered NiCrAlY under low incursion rate conditions 
very liicely promotes lii^i rotor wear for tlie case of plasma- sprayed zirconium oxide. 
Heavy meciianical loading of tlie blade tips is believed to account for die increased 
blade tip wear under high incursion rates of 254xi0“” m/sec (0,010 in. /sec). 

The condition of the seal specimen rub surface and distress to the blade tips x-e- 
sultingfrom a rub Interaction at 25,4x10“® m/sec (1 in, /sec) incursion rate are 
shown in figure 13. Pax’ticularly noteworthy are tlie smooth, glazed metal transfer 
film on the mb seal specimen rub suiface, cracking in the transfer film (observed to 
propagate well into the ceramic), and the buildup of a back transferi’ed metal prow on 
the leading edges of the blade tips. 

The abradability of the plasma- sprayed zirconium oxide compares favorably with 
tliat of cast alloy shi’ouds currently used in higii pressure turbine positions. It would 
be desirable to extend the envelope of favox’able VWR over a broader range of param- 
eters, particularly incursion rate. Hopefully, the pi’ovision of hai'd abrasive tip 
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fcrontmoiU being dovolopod Tor high pressure turbine blades will provide improved 
abradabilUy. Another approach to be cou''ldorod in improving abradability is to 
reduce the ceramic layer donsUy. This is lot necessarily Incovisistent with improving 
etlior aspects o£ soul performnneo such ns tliormal sliock resistance (rof, 5), 

Erosion llosislanco 

Erosion tests wore porformod in tJio hot particulate erosion I'ig siiomi in fig- 
ure 14. The specimen was positioned at the specified disUince mid impingement 
migio reUitlvo to the end of the combustor exit uozr.ie by a eompoimd vise. The spoci- 
ment was Iioatod by impinging JP fuel and air combustion products on the ZrOg surface 
of the specimen tlu’ough a 1. 005 cm (0. 75 in, ) dlamoler exit noKzle. Specimen tom- 
poraturo and exit gas velocity wore controlled by varying fuel and air flows. In all 
tests, the exit gas velocity was Mach 0, 35, and the nozzlo to specimen distance was 
3. 81 cm. 

After the specimen temperature and gas velocity wore stabilized, particulate flow 
was initiated. The particulate matter was gravity fed into a tube connected into the 
combustor exit nozzle approximately 5. 08 cm (3 in.) upstream of the nozzle end wlioro 
it was picked up and accelerated to the specimen surface by die hot gas slroam. Partic- 
ulate flow I’nto was controlled by a precalibi’ated orifice in the storage hopper discharge 
line, Tho weight of particulate used and the duration of particulate flow during the test 
was monitored to chock tlic particulate flow rate. In all cases, the particulate ma- 
terial was 80 grit Al20r^, and the feed rate was 3.72 kg/hr (G.O Ib/hr), 

Erosion tests were conducted at two specimen temperature levels; 1589 K 
(2400*^ F), and 13G7 K (2000° F). Specimen temperature was nionsured optically on 
the ZrOg and metal substrate su3:faces. Erosion wear was determined by measuring 
the weight loss of tlio specimen at 5 minute into3.’vals. 

Results are summarized In figtxre 15. Data presented in figave 15 indicate that 
both surface temperatui'e and impingement angle have a significant effect upon erosion 
rate. The specimen tested at 13G6 K (2000° P) and 15° impingement angle exlilbited 
an erosion rate approximately six times greater than specimens tested at 1589 IC 
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(2‘100® F) at tlic samo implngonicnt angle. The spocimon tested at 1589 K (2400° F) 
imd 90° tinplagoinont tmgle e\hlbItod tm erosion rate approximately 20 times greater 
tlian spoclmons tested at the same temperature and 16° impingement angle. 

A simplification of Bitter's equation (i*of, 8), given below, was used to investi- 
gate erosion x’osults, 

Q .. 1/2 M(V sin a - 
c 

^Wiore 

3 

Q wear due to repeated deformation, cm 
M total mass of impinging particles, gf-seeVem 
V particle velocity before collision, cm/soe 
K constant related to target properties, cm/sec 
O' impingement angle 
e deformation wear factor, J/m^ 

For simplification K was assumed to be negligible in comparison to particle 
velocity - an assumption substantiated in the litex’ature, reference 9. Witli this 
assumption die equation correlates well wiiii die 1589 K (2400° P) data as sliown in 
figure 15. The quantity MV^/2 was evaluated at the 90° point by equating it to the 
measured erosion rate. Also the range of other high iiemperature seal systems such 
as sintered MCoCrAlY and plasma sprayed CoCrAlY is indicated, The cause of the 
large scatter in the 1589 K (2400° F) data at 15° is not loiown but there are several 
possible explanations. They are: (1) batch to batch reproducibility of the sprayed 
ZrOg structure, (2) weight loss measurement error due to partial delamination of the 
coating dui.'ing testing, or (3) a tendency toward ductile behavior. One or botii of the 
first two are considei’ed most likely since three out of four data points correlate veiy 
closely. 

Generally speaking, the erosion resistance of die sprayed Zr02/CoCi'AlY seal 
system appears to be marginally Satisfactory for engine application. Some improve- 
ments is desirable if it can be obtained ivithout much sacrifice in abradability or 
thermal fatigue resistance. 
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CONCLUSrONS 

Bused on the analytical luul o.sporiinontnl work described in this paper, tlio 
following conclusions regarding the plasma- sprayed YSZ high presauro turbine seal 
system are drawm 

(1) The most challenging aspect of porformanco of the seal system Is tlio develop- 
ment of roslstimco to cyclic tliormal stresses, 

(2) Significant improvement In cyclic tliormal stress ro?!istanco was realized 
througli analytical optimization of the plasma- sprayed layer arrangomonts mid 
thiclaiossos. Potential approaches to realizing fuilhor Improvements wore noted. 

(3) Abradabiltty of the plasma- sprayed YSZ layer Is ot least comparable to abrada- 
bility of currently used HPT seal materials, 

(4) Hot particulate erosion rcsistmico of tho plasma sprayed YSZ laj'or at Its ox- 
poctod operating temperature compares favorably with metallic systems at tlioir oper- 
ating temperatures, 

(5) Employing plasma- sprayed ZrOg, In combination with somo moans of tliormal 
stress mitigation, is considorod mi attractive approach to HPT sealing, and shows 
promise In terms of maintaining minimum clcarmices over tho turbine blade tips, 
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TADLR 1. - AVKUAGB MODULI OF RUPTURE AND ELASTICITV 


AND STRAm TO FAILURE TEST RESULTS 


Malorlal 

Tost: 

tomporaturo 

Modulus of 
rupturo 

Modulus of 
olnstlclty 

Strain to 

falluro, 

poiTl'Iat 

K 

Op 

10^ N/cm^ 

(10^ psi) 

10^ N/cm^ 

(10® psl) 

40/00 ZrOg/CoCrAlY 

293 

mm 

22,27 

(32. 3) 

6.86 

(8, 6) 





10. 83 

(16.7) 

0,24 

(13,4) 


70/30 ZrOo/CoCi*AlY 

m4 

293 

(68) 

0.63 


3.62 

(6. 26) 

.43 


1061 

(1460) 

7.03 


4.70 



85/10 ZrOo/CoCi’AlY 

ml 

293 

(68) 

4. 14 


2. 64 

(3. 08) 

.40 


1144 

(1600) 

4,70 

(6. 82) 

1.86 

(2.70) 

. 34 

ZrO, 

293 

(68) 

2. 82 


4. 09 

(6. 8) 

.12 


1589 

(2400) 

2,24 . 

(3. 32) 

1.66 

(2. 20) 

.33 
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Figure 1. * Plasma sprayed graded layered Y 2 O 3 stabilized Zr 02 /C 3 CrAIY seal system. 
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Figure?. - Spray specimen fixture, 
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Figure 7. - Two design conliqurJtion varulions o( the pijsma- sprayed ceramic turbine 
seal system. 
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Fiqiire9. - Circumtprential section through thermal latigue specimen after 
500 thermal shock cycles. 
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Figure 10. - High temperature abradability test rig. Note: Near side beating 
torch not sno*»n. 
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Figure 11. - Volume wear ratio as a function of incursion rate. 
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Fiqurf 14. - Ho< particulate erosion riq. 


NO. 80 GRIT AlnOj, 6 Ib/hr 
MACH 0.3 GAS VELOCITY 


O 1M9 K (2400° FI SEAL SURFACE TEMP. 

□ 1367 K (2000° FI SEAL SURFACE TEMP, 

Q INCREASED POROSITY. 1389 K (240CP FI SEAL TEMP. 
0 OPTIMIZED CONFIG. 1389 K (240(f Fl SEAL TEMP. 


\Q • 30.869x10'^ sin^a 
\ 



RANGE OF OTHER NON-METALLIC 
SEAI SYSTEMS TESTED BY PMVA 
AT ff/4 RAD (43°Mil367 K 
(2000° FI SURF. TEMP. 


2.0 


IMPINGEMENT ANGLE, radians 


origin/vl’ page rs 
OF. FOUK QUAUrx 


I ^ L L_1 - i J 

0 13 30 43 60 73 90 

IMPINGEMENT ANGLE, deg 


Figure 13. * Erosion test data correlation. 


